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Nominally Anhydrous Minerals (NAM) in the Earth’s mantle contain trace amounts of hydrogen, as a
result of the NAM’s ability to incorporate hydroxyl ions. The isotopic composition of these hydrogen res-
ervoirs is for the Earth’s crust, well characterized. The knowledge of the isotopic composition of the
Earth’s interior on the other hand is limited. It is believed that the hydrogen composition in the interior
is isotopically heterogeneous and that there may exist several reservoirs of hydrogen, characterized by
different deuterium/hydrogen-ratios. Characterization of these hydrogen reservoirs can provide valuable
information about the mass transport of hydrogen during the evolution of the planet.
In this work we present a variant of the proton–proton scattering technique with which we are capable
of performing simultaneous measurements of deuterium and hydrogen. The method has been tested with
a 2.9 MeV deuteron beam on a polyethylene standard, with D/H ratio close to the natural abundance, and
on a thin sample of Muscovite with a hydrogen concentration of 4800 wt-ppm. This is followed by a dis-
cussion about limitations and capabilities of the technique.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Hydrogen has been shown to occur as a trace element in Nom-
inally Anhydrous Minerals (NAM) in the Earth’s mantle, as a result
of the NAM’s ability to incorporate hydroxyl ions. The isotopic
composition of these minerals in the Earth’s crust, is well charac-
terized. The knowledge of the isotopic composition of the Earth’s
interior on the other hand is limited. It is believed that the hydro-
gen composition in the interior is isotopically heterogeneous and
that there may exist several reservoirs of hydrogen, characterized
by different deuterium/hydrogen-ratios. Characterisation of these
hydrogen reservoirs can provide valuable information about the
mass transport of hydrogen during the evolution of the planet
[1]. Interstellar bodies are also characterized by different D/H-ra-
tios which strongly depend on the distance from the sun where
the body originated [2].
In 1972 Cohen et al. proposed that forward elastic proton–pro-
ton scattering could be used for hydrogen detection below 1 at-
ppm. The technique is fairly simple and only requires a setup for
coincidence measurements and two particle detectors positioned
at 45 on either side of the beam, after the sample [3]. The tech-nique has been demonstrated to work on both thin and semi-thick
geological samples [4]. With the introduction of the double sided
silicon strip detector (DSSSD), which allowed for a larger solid an-
gle and higher count rates, the detection limit has been lowered
down to 0.08 at-ppm [5]. The introduction of the position sensitive
detector also allowed simultaneous measurement of deuterium
and hydrogen using forward elastic deuteron–proton scattering
and forward elastic deuteron–deuteron scattering [6]. The advan-
tage of simultaneous measurement of deuterium and hydrogen is
that there is no need to change projectile and errors connected
with e.g. charge normalization can be avoided.
In this work we present the calibration of the setup performed
on a polyethylene standard with D/H ratio close to the natural
abundance. We also present the ﬁrst measurement on geological
material followed by a discussion about limitations and capabili-
ties of the technique.2. Experimental setup and data analysis
The experimental work described in this paper was performed
at the Lund Ion Beam Analysis Facility (LIBAF) [7]. The sample
was irradiated with a beam of deuterons with the energy of
2.9 MeV, directed onto the sample parallel to the sample normal.
A 96 channel annular Double Sided Silicon Strip Detector
(DSSSD) with an active area between the diameters 32.0 mm and
Fig. 2. The resulting scattering angle for a proton and for a deuteron as a function of
the recoil angle of an incident deuteron. The black square shows the angular
coverage of the detector in the current setup.
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Fig. 1. The detector is divided into 64 radial strips on the front side
and 32 rings on the backside. This gives a total number of detector
elements or pixels equal to 2048. Each of the pixels can be treated
as a single detector which allows for 1024 different coincidence
patterns [8]. All 96 channels on the detector are read out simulta-
neously. The signal ampliﬁer chains consist of six Mesytec MPR-16
pre-ampliﬁers and six Mesytec STM-16 shaping ampliﬁers which
provide both energy and timing signals [9]. To reduce the amount
of data stored, a ﬁrst condition on the data is set in hardware,
which signiﬁcantly reduces the number of accidental events. This
is performed by dividing the 64 radial strips into quadrants,
according to their ampliﬁer chain, and setting the system to gener-
ate a gate when a coincidence occurred in two quadrants on the
opposite side of the central hole, within a time window of 40 ns.
The typical beam spot size during the measurements was on the
order of 20 lm in diameter and the beam current was kept be-
tween 0.5 and 1.0 nA. This limited the count rate in the innermost
ring to about 10 kHz, which gave an acceptable amount of random
coincidences. During the measurements the neutron level in the
lab was constantly monitored. No signiﬁcant increase of the radia-
tion level was observed in the vicinity of the chamber.
The data acquisition was carried out using a VME based system,
which includes three Caen v785 peak sensing ADCs and three Caen
v775 TDCs [10]. The software for online monitoring and ofﬂine
data analysis was written using C++ and the ROOT libraries [11].
During the ofﬂine analysis the data is sorted according to prede-
ﬁned conditions which are described in more detail in Ref. [8].
In order to avoid ﬂooding the DAQ with coincidences from
hydrogen and at the same time maximize the captured coincidence
yield from deuterium, the detector is positioned at a distance of
28 mm from the sample in the forward direction. At this distance
the detector covers the angles between 29 and 56 in the forward
direction. In Fig. 2 it can be seen that this angle coverage lies on the
kinematic edge for coincidence measurements of both the scat-
tered deuteron and the recoiled hydrogen. The hydrogen and deu-
terium signals can be separated from each other by the angular
sum between the scattered and the recoiled particle [6]. The angu-
lar sum between the scattered and the recoil particle is 90 for dd-Fig. 1. A schematic description of the detector setup. The detector is an annular
double sided silicon strip detector with 64 radial sectors on the front side and 32
rings on the back side. The detector readout is divided into 6 sections, each with 16
strips and its ampliﬁer chain (AMP). The triggers from the ampliﬁer are tested for
coincidences within a 40 ns time window in the Coincidence Unit (CU). The gate
Generator (GG) generates a gate for the ADC’s and TDC’s, Analog to Digital
Converter and Time to Digital Converter. ma is the incoming deuteron and mb is the
target atom, either H or D.scattering (deuterium detection). For this detector conﬁguration
the angular sum is 59–68 for dp-scattering (hydrogen detection),
as seen in Fig. 2.
The normalized D/H-ratio is calculated by NDrNH. Where ND and NH
is the number of counts identiﬁed as deuterium event respectively
hydrogen event. r is a normalization coefﬁcient introduced to
compensate for difference in scattering geometry and cross section
between the dp- and dd-scattering reaction. r is calculated by the
least square ﬁt from the measurement on the standard samples.3. Sample preparation
The technique is based on coincidence measurements of both
the scattered and the recoiled particle in transmission geometry.
Therefore the maximum sample thickness is limited by the energy
of the incident ion and on the matrix of the sample. For 2.9 MeV
deuterons the maximum sample thickness is about 10 lm for geo-
logical material.
Self-supporting calibration standards were produced using the
technique described in Ref. [12]. These standards have the follow-
ing D/H-ratios (2.9, 5.9, 12.1, 14.8) 103 and were produced from
different mixtures of a deuterated polyethylene powder (C2D4)n,
with a D/H-ratio of 61.5 and a low density polyethylene powder
(C2H4)n, with the natural D/H-ratio of 1.5104. The samples had
an estimated thickness of 2 lm. To verify the production technique
a similar set of samples were produced and analyzed with ERDA.
To allow an easy quantiﬁcation, the reference samples where made
very thin and placed on a silicon wafer. One of the samples became
self-supporting and could be analyzed both with the technique de-
scribed in this paper and with ERDA, (D/H-ratio 0.74) [13].
A sandwich sample with two layers of deuterated polyethylene
and one layer of 1.5 lm Mylar was produced, see insert Fig. 3b.
Measurements were also conducted on a hydrogen rich 8 lm Kap-
ton ﬁlm.
For the ﬁrst measurement on geological material, Muscovite
(mica) was chosen as a test sample. This choice was govern by
the fact that Muscovite is relative easy to section into appropriate
Fig. 3. Energy sum spectra for a measurement conducted on a polyethylene–Mylar
sandwich. (a) The energy distribution between the particles is plotted as a function
of the energy sum of the particles. (b) The number of coincidences as a function of
the energy sum of the particles. Insert: A schematic picture of the polyethylene–
Mylar sandwich.
Table 1
The normalized measured D/H-ratio as a function of the distance between sample and
the detector. Measurements conducted on the polyethylene sample with the D/H-
ratio of 0.7474.
Distance (mm) Norm. D/H-ratio Stat. err [104]
27 1.35 0.1
28 (normal distance) 0.65 0.1
29 0.36 0.2
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tion [4]. The used specimen is 4 lm thick and has nominal hydro-
gen content of 4800 wt-ppm, deduced from the structural formula
which was obtained with an electron microprobe [4]. It is expected
to have the natural D/H-ratio of 1.5104.Fig. 4. Measured normalized D/H-ratios of the four samples used as a standard. It is
seen that all results are within the uncertainty from the production and the
uncertainty due to distance. The straight line is plotted to guide the eyes.4. Results and discussion
To investigate the depth proﬁling capabilities of the technique a
measurement on the polyethylene–Mylar sandwich was per-
formed. Depth proﬁling is important to be able to selectively ana-
lyze the D/H-ratio in the bulk of the sample, without the inﬂuence
of a possible surface contamination. It also opens up the possibility
to perform 3D measurements of the D/H-ratio.
The result of this measurement is shown in Fig. 3. In Fig. 3a two
clearly resolved distributions corresponding to the deuterium in
the two polyethylene layers are seen (I, III). The distribution at high
energy (III) arises from the scattering of the deuterium in polyeth-
ylene layer on the back of the sample, with an energy loss of about
400 keV of the incident energy of 2.9 MeV, This energy loss is a re-
sult from both the energy loss in the sample before the scattering
and the energy loss in the 2 lm thick dead layer of the detector.
The low energy distribution (I) is a result of the scattering of the
deuterium in the polyethylene layer on the front side of the sam-
ple. The distribution at lower energy is due to the larger energy loss
of the two deuterons, owing to the longer path they take through
the material. The width of the distribution depends on the thick-
ness of the polyethylene layer and the integrated peak count de-
pends on the areal density of deuterium in that layer. One canalso notice a decrease in the energy of the distribution when the
energy difference between the particles increases (i.e. the differ-
ence between the scattering angle and recoil angle increases). This
is due to two effects; ﬁrst that the total path the particles have to
travel in the sample and dead layer of the detector becomes longer
when the angle difference increases. The particles belonging to the
high energy branch (III) only travel the dead layer of the detector.
The second effect is due to the increase of total energy loss which
occurs when the energy separation between the particles in-
creases, i.e. the total stopping power of the particles increaser. It
is also seen in Fig. 3a that the energy distribution of the hydrogen
events from the Mylar ﬁlm is very different from the deuterium
signals. This is as a result of the very narrow scattering angle
acceptance interval for hydrogen in the detector conﬁguration
used, i.e. the difference in the accepted energy distribution be-
comes quite small. This appears as two islands in Fig. 3a, and de-
pends on which of the particles that is most energetic (E1 or E2).
Although the Mylar ﬁlm is positioned in the center of the sample
the signal from hydrogen (II) has a higher energy than the high-en-
ergy deuterium distribution (III), from the polyethylene layer on
the backside of the sample. This is due to both the lower stopping
power for protons and the different path the particles take through
the sample, when one of the particles is a proton instead of a deu-
teron. In Fig. 3b it is seen that the two deuterium peaks (I, III) are
clearly resolved and the energy separation between the two peaks
is 150 keV, which corresponds to the energy loss of the two deute-
rons in 1.5 lmMylar [14]. According to these results one could ex-
Table 2
The normalized measured D/H-ratio of the Kapton ﬁlm end the Muscovite sample.
Sample Nominal D/H-ratio [104] Norm. D/H-ratio [104] Stat. err Error due to uncertainty in distance
Kapton Natural (1.5) 2.2 0.1 1.1
Muscovite Natural (1.5) 2.0 0.2 1.0
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geological material the depth resolution will be even better as a re-
sult of the larger stopping power.
Since the detector is positioned at the edge for detection of
hydrogen, a small error in the distance between the detector and
the sample can give a large uncertainty in the D/H-ratio. Three
measurements with the distances 27 mm, 28 mm (normal used
distance) and 29 mm were conducted on the sample with the
D/H ratio of 0.74. To avoid a possible uncertainty due to sample
mass loss the measurements were performed on different locations
on the sample. Before the measurement, the homogeneity of the
sample was checked in three other positions on the sample, the
inhomogeneity was on the order of 3%. The result of the measure-
ments is seen in Table 1, normalized using the normalization coef-
ﬁcient (r) obtained from the standard samples. It is seen that the
measured D/H-ratio can differ up to 50% if the distance is changed
by 1 mm. This is a result of that the measured hydrogen content is
changes a factor of 2 between the measurements. It makes exact
measurements of the distance critical. The design of the sample
holder gives rise to a small uncertainty in distance (±250 lm),
which is only relevant for the measurement on this sample. This
will cause an uncertainty in the measured D/H-ratio which can ex-
plain the difference between the measured D/H-ratio and the one
conducted with ERDA.
The results from the measurements on the standard samples
are shown in Fig. 4. It is seen that all results are within the uncer-
tainty from the production and the uncertainty due to distance.
The results from these measurements were used to calculate the
normalization coefﬁcient (r). A linear dependence between the
measurements for the different ratios is seen. According to the
measurement on the polyethylene sample with high D/H-ratio
the linearity seems to extend over at least 2 orders of magnitude.
Table 2 shows the measured normalized D/H-ratio of the Kap-
ton ﬁlm and the Muscovite sample. It is seen that results agree rea-
sonably well with the expected values. Due to the low deuterium
content the measurement on the Muscovite lasted for about three
hours. With the Muscovite’s nominal hydrogen content of 4800
wt-ppm and a measured D/H-ratio of 2.0104 the deuterium con-
tent is estimated to 1 wt-ppm.
5. Summary and conclusion
The purpose of this work was to develop and apply the tech-
nique to samples with low D/H-ratio, especially to geological mate-
rial. The technique has shown depth resolving capabilities betterthan 1 lm. The technique was used to measure D/H-ratio as low
as 2.0104 in geological material. This corresponds to a deuterium
content of 1 wt-ppm. The largest uncertainty in the measurements
was identiﬁed to be due to positioning of the detector. To lower
this uncertainty a new chamber dedicated to the technique is un-
der construction.
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